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Three diel field campaigns and one montlily sampling campaign during June 2010-May 2011 were carried 
out to investigate the CH4 flux across the water-gas interface in Xiangxi Bay of the Three Gorges Reservoir, 
China. The average CH4 flux was much less than that reported from reservoirs in tropic and temperate 
regions. The photosynthesis of phytoplankton dominated the diel gas fluxes during alga bloom in spring and 
summer. The maximum monthly flux occurred in June 2010 and corresponded to the lowest water level. 
Water temperature, sediment temperature, and TOC did not have significant correlation with the monthly 
CH4 fluxes. Continuously decreasing hydrostatic pressure and the low water level resulted in more CH4 
emission at the sediment-water during the discharging period, and thus increases the CH4 effluxes because 
the diffusion time through a thin water column is shorter and less CH4 may be oxidized compared with that 
in a long water column. 

CH4 is an important atmospheric contaminant contributing to the greenhouse effect, almost 2/3 of the 
current CH4 emissions are anthropogenic and the present CH4 concentration of 1.77 ppmv is more than 
twice its preindustrial value^'^. Atmospheric CH4 concentrations showed significant variations corres- 
ponding to the abrupt climate events^'^. Dam projects and freshwater reservoirs generate numerous impacts both 
on the region where they are located, as well as at an inter- regional, national and even global level (socioeconomic, 
health, institutional, environmental, ecological and cultural impacts) I However, the conversion of land surface 
areas saturated by oxygen to anoxic sediments overlain by water results in CH4 emissions from reservoirs under 
certain conditions'"^. 

Gas fluxes in natural ecosystems are known to be extremely variable, and sediment temperature, water 
temperature, DOC, NOa" availability and eutrophication level are strong regulators of greenhouse gas dynamics 
in the fluvial reservoir^'^"^\ However, no relationship between GHG fluxes and DOC was observed in eutrophic 
water bodies^'^\ which might indicate that biogeochemical processes in the corresponding lakes/reservoirs are not 
C-limited^. Numerous investigations ^^'^^ did fail to find relationships between GHG fluxes and water temperature 
in aquatic ecosystems. CH4 is exclusively formed in anaerobic environments^^, and therefore it is mostly produced 
in anoxic sediments^^. This gas is then partially mineralized into CO2 through aerobic oxidation by methano- 
trophic bacteria in the oxic layer of sediments or in the water column, and only the unoxidized fraction escapes to 
the atmosphere as CH4^^'^^. In a summary, methane emissions from aquatic environments depend on methane 
formation and methane oxidation rates^'. 

Biogenic CH4 is produced by the activities of methanogens, a strictly anaerobic metabolic group belonging to 
the Archaea^^ . Many factors such as oxygen concentrations, competition for substrate acquisition, organic matter 
content and quality and temperature impacts CH4 production rates either by affecting methanogens directly or 
indirectly by structuring the surrounding microbial community^^. Sediments temperature is an important para- 
meter infiuencing methanogenesis rates^'^°'^''^^'^^. Numbers of methanogenic bacteria increase and rates of metha- 
nogenesis are correlated with increased sediment temperature during seasonal change^°. 

Methane oxidation plays a vital role in controlling the fiux of CH4 from many ecosystems^. The efficiency of 
biological methane oxidation depends on physico-chemical conditions and on the means of methane transport^^. 
Biological methane oxidation is carried out by methanotrophs which oxidize 30-99% of the CH4 produced in 
freshwater lakes^^ and then plays a fundamental role in regulation of methane emissions. O2 and CH4 
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Figure 1 | Location of sampling site in the Xiangxi Bay of the Three 
Gorges Reservoir (Modified from Yang et aP°.)- 



concentrations, temperature, availability of nitrogen, and so on may 
all have influence on methane consuming^^. How different envir- 
onmental conditions affect the distribution, numbers, and activity 
of methanotrophs remains to be further studied^^. 

As we known, the revolution and rotation of the earth results in 
diel and seasonal biogeochemical cycles, which are in response to the 
solar photocycle, particularly during stable hydrological condi- 
tions^l The amplitude of some of these diel changes can be as large 
as changes occurring on annual timescales^^. However, less attention 
to the variation of CH4 flux is paid on the diel timescale than that on 
the seasonal timescale. The former has received attention only more 
recently^^. Study of diel variations is helpful to reveal which biogeo- 
chemical processes occur relatively rapidly in natural waters and 
therefore which processes play an integral and important role in 
the normal functioning of natural water systems^^ 

Here, we present seasonal and diurnal variations of CH4 flux 
across the water-gas interface in the Xiangxi Bay (XXB) of the 
TGR (Fig. 1). The bay suffers from serious alga blooms frequently. 
The goal of this paper is to disclose the temporal variation of CH4 flux 
in the bay, and probe key factors which dominate the variation and 
possible reservoir operation to mitigate the CH4 efflux. 

Results 

Diel CH4 flux. Our CH4 flux datum was much less than that from 
permanently flooded areas in the mainstream of the Yangtze River^^. 
The diel CH4 flux varied greatly during April 27-28, 2011 and 
October 4-5, 2010 (Fig. 2 & Fig. 3), and changed less during 
August 23-24, 2010. The average CH4 flux during October 4-5, 
2010 is —0.081 mg m"^ h"\ which is approximate to that of 
August 23-24 and much less than that during April 27-28, 2011 
(Table 1). The diel average of flux observed during April 27-28, 




Figure 2 | Diel CH4 flux and corresponding environmental parameters during April 27-28, 2011. 
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Figure 3 | Diel CH4 flux and corresponding environmental parameters during October 4-5, 2010. 



2011 was ~3.6 and ~3.8 times of that during August 23-24, 2010 
(Fig. 4) and October 4-5, 2010 respectively. 

Seasonal CH4 flux. The surface water temperature changed with the 
air temperature synchronously as a whole (Fig. 5). Water depth 
varied from 19 to 48 m, and it was deepest during October 2010- 
January 201 1. Total organic carbon (TOC) in surface water showed a 
fluctuating downward trend with time. Surface water pH ranged 
from 7.9 to 9.4, and the maximum occurred in March 2011. 
Eutrophication of the bay occurred frequently as a consequence of 
large influxes of nutrients in most time of the observation year. The 
four highest Chl-a occurred in the time of low water level and warm 
season. 

Dissolved CH4 content in surface water varied greatly from very 
low level to 6.32 jig L"^ with an average of 1.74 jag L~\ The min- 
imum occurred in August 2010, and the three highest occurred in 
June 2010, April 2011 and May 2011. 



The CH4 fluxes during the observation year ranged from —0.120 
to 31.008 mg m"^ h"^ with an average of 3.288 mg m"^ d"\ which 
was much less than that reported from reservoirs in tropic and tem- 
perate regions^^'^^"^^. (Tucurm (deep) and Samuel (shallow) reser- 
voirs of Amazon hydroreservoirs released in average 13.82 ± 22.94 
and 71.19 ± 107.4 mg CH4 m"M~\ respectively^^. CH4 fluxes mea- 
sured in three tropical reservoirs located in French Guiana (Petit 
Saut) and Brazil (Balbina and Samuel) were in the range of 48 ± 
32 mg m"^ d~^^^'^^.) The maximum flux, which occurred in June 
2010, was corresponding to the lowest water level. The CH4 flux 
was less than 0 in July 2010 and March 2011, which indicated that 
water body absorbed CH4 from the air in some degree. 

Discussion 

Environmental parameters have different influences on the diel CH4 
fluxes in different seasons. No significant correlation between the 
diel CH4 flux during April 27-28, 2011 and corresponding 



Table 1 | Comparison of diel CH4 flux and some environmental factors in different seasons 

air temperature (°C) surface water temperature (°C) CH4 flux 

variation variation Range Average 

time range amplitude range amplitude surface water pH (mgm"^h"^) (mg/m^/d) 

April 27-28, 201 1 18.0-34.7 16.7 22.2-18.8 3.4 8.7-8.9 0.064-0.664 7.464 

August 23-24, 2010 36.4-26.9 9.5 30.2-27.2 3.0 8.3-8.8 0.041-0.219 2.064 

October 4-5, 2010. 27.3-15.7 11.6 24.4-23.2 1.2 7.6-8.2 0.000-0.202 1.944 
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environmental parameters was observed. The diel CH4 flux during 
August 23-24, 2010 was positively correlated with the air temper- 
ature, the surface water temperature and pH, and negatively corre- 
lated with the air pressure and Chl-a concentration of surface water. 
However, the diel CH4 flux during October 4-5, 2010 was positively 
correlated with the air pressure and negatively correlated with the air 
temperature and the surface water temperature, which was in the 
opposite to the situation observed during August 23-24, 2010. 

The photosynthesis of phytoplankton may dominate the diel gas 
fluxes during alga bloom, such as during August 23-24, 2010 and 
April 27-28, 2011. Because diel changes of Chl-a in surface water 
were not monitored on October 4-5, 2010 and April 27-28, 201 1, the 
detailed process how the photosynthesis of phytoplankton influ- 
enced the diel CH4 fluxes was difficult to be perceived. Average 
Chl-a content of surface water on October 4 and 5, 2010 was 0.82 
and 1.49 jig L"^ respectively, which was much lower than that 
occurred on April 27-28, 2011 (21.10 and 9.78 jig L"' on April 27 
and 28 respectively) and August 23-24, 2010 (average 9.06 jig L"4). 
Relationship between the diel CO2 and CH4 flux was also dominated 
by the situation of eutrophication. Signiflcant positive correlation 
between them was observed in low Chl-a level, however, significant 
negative relation in high Chl-a level. 

A signiflcantly positive correlation between the seasonal flux and 
the dissolved CH4 content in the surface water was observed in 
present study. The seasonal CH4 flux was also positively correlated 
with the air temperature and the surface water pH, and negatively 
correlated with the air pressure. 

O2 and CH4 concentrations, temperature, availability of nitrogen, 
and so on may all have influence on methane consuming^^. 
Correlation coefficient between seasonal CH4 flux and CO2 flux 
was — 0.563(N = 12). Here the situation was thought to be resulted 
from the high levels of eutrophication in XXB. XXB is a productive 
system, and serious alga bloom is a frequent problem since the initial 
fllling of the Three Gorges Reservoir in June 2003^^"^\ Alga bloom 



induced the increasing DO, and the latter was signiflcantly positively 
correlated with pH (R = 0.882, P = 0.01), which was observed in 
many water ecosystems^^. Here, the two biggest DO contents in water 
bodies occurred in June 2010 and April 2011 (Fig. 6), in which 
months the highest dissolved CH4 content and CH4 flux appeared 
during the observation year. It might indicate that DO was not the 
key factor that influenced the CH4 flux in the bay. DOC and NO3" 
availability are strong regulators of GHG dynamics in the fluvial 
reservoir^. However, both the parameters did not have significant 
correlation with the monthly CH4 flux. Nonetheless, the correlation 
coefficient between the CO2 flux and TOC was 0.502(N =10), which 
shows that there is some relationship between them and it's different 
from those eutrophic lakes/reservoirs. 

The three highest bottom water temperatures were observed in 
August, September and October 2010 at Site XX06 (Fig. 5). However, 
the dissolved CH4 content in the surface water and the CH4 flux 
observed in the three months were not bigger than those in other 
months and at a low level. Meanwhile, the bottom water temperature 
in the months of June 2010, April 2011 and May 2011, when higher 
dissolved CH4 content and/or bigger CH4 flux occurred, was not 
higher than that in other months (Fig. 5). So, the main reason which 
dominated the seasonal CH4 flux at the water- air interface might not 
be the sediment temperature. In fact, methane production rates in 
the shallow sediments should be more sensitive to seasonal variations 
of temperature than in the deep sediments On the contrary, 
increased water temperature could greatly increase the CH4 oxida- 
tion rates^, which dominated the CH4 fluxes in deep reservoirs/lakes. 

CH4 in sediments enters into overlying water by diffusive and 
ebullitive transport. Bubble fluxes mainly occur in shallow parts of 
lakes and reservoirs where the hydrostatic pressure is not high 
enough to dissolve CH4 in interstitial water^^'^^. However, bubbles 
can also be released from the sediment in deeper parts of lakes and 
reservoirs, but these bubbles tend to dissolve into the water during 
their transport through the water column and so do not reach the 
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Figure 5 | Seasonal CH4 flux and corresponding environmental parameters during the observation year. 



atmosphere^^. The release of bubbles can be triggered by variation of 
hydrostatic pressure associated with rapid changes of the water level 
above the sediment^^. A decrease in the water level above the sedi- 
ment and sediment pressure increases the CH4 effluxes. The dif- 
fusion time through a thin water column is shorter and less CH4 
may be oxidized compared with that in a long water column^^'^^. 

The water level of TGR fluctuates from ~ 145 to ~ 175 m in order 
to control flooding, and it is usually continuously decreased from 



January to June (Fig. 7). The three biggest dissolved CH4 contents of 
the surface water occurred in June 2010, April 2011 and May 2011, 
which were in the late stage of the discharging period of TGR. To the 
end of May 2011, the water level fell —30 m, which resulted in the 
length of overlying water column reduced by —60%. In this report, 
greatly and continuously decreasing water level caused that CH4 
efflux in June 2010 was —33-fold higher than the averaged flux of 
the next 9 months. Continuously decreasing hydrostatic pressure 
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Figure 6 | DO in the water column at XX06 in the Xiangxi Bay during the observation year. 



might result in more CH4 emission. Meanwhile, the low water level in 
these three months was conducive to more CH4 transported to sur- 
face water in stead of being oxidized in a long water column. Thus, a 
positive correlation between the water depth and CH4 flux was 
observed here. Our study also shows that sediment-generated meth- 
ane can easily evade the shallow reservoir, while the deep reservoir 
extends methanotrophic layer, oxidizing large quantities of methane 



coming from the sediments^^. However, our explanation remains 
further proof owing to no data of the dissolved CH4 content in the 
bottom water. 

So, it's advised that several stages during the discharge period 
could be set to keep relatively stable water level (Fig. 7), in which 
more CH4 would be emitted from sediments and oxidized in a long 
water column instead of reaching the atmosphere. If half of the 
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present CH4 flux emitted in April, May and June were oxidized, a 
total of 683.93 1 CH4 would be consumed in water column supposed 
that the area of all bays accouns 1/3 of the Three Gorges Reservoir. 

Methods 

Study area and monitoring site. The TGR, which is located at the upper reach of the 
Yangtze River and resulted from the largest water-control projects in the world, is 
built for flood control, power generation, river navigation and drought prevention. 
The reservoir has a total capacity of 393 billion and a flood control capacity of 
221.5 billion with the water elevation of 175 m. The operation of the reservoir 
depends on the temporal and spatial conditions and many other factors, and the 
impoundment elevation ranges from 145 to 175 m annually^*^. The TGR is a huge and 
typical fluvial reservoir, which is neither a lake nor a stream, but exhibits hydrologic 
behavior that is intermediary between these aquatic systems^ \ Meanwhile, its water 
lever is low during the summer rains and high during dry seasons for the sake of flood 
controlling and electricity generating. The variation of its water level is opposite to 
natural lakes. Primary reports of CH4 emission flux varied greatly in different zones of 
the reservoir, for example, it was big at the marshes in the drawdown area^"^ and very 
small in open water^'* '^". The Xiangxi River (XXR) is the largest tributary of the TGR in 
Hubei Province, and also a larger one close to the Three Gorges Dam (Fig. 1). It flows 
southwardly into the mainstream (the Yangtze River) of the reservoir at Xiangxi 
town, Zigui County. The main stream of the XXR is 94 km in length, and its drainage 
basin is located in 1 10°25'-1 1 r06'E, 30°57'-3r34'N with an area of 3,099 km\ The 
drainage area is of a sub-tropical continental monsoon climate with greatly changing 
temperature in springs and concentrated rainfalls in summers. It is often suffered 
from heavy rain and drought in summers, and the weather is rainy in autumns and 
snowy in winters. The vertical temperature changes significantly owing to the 
disparate terrain elevation difference and complicated landform. The average annual 
temperature is 16.6°C, and the average rainfall and runoff are 1,015.6 mm and 
40.18 m^ s~\ When the impoundment elevation of the TGR reaches 175 m, the 
backwater zone in XXR is about 40 km long^°. The backwater zone is named as XXB, 
because it is similar to a lake but with characteristic hydraulic conditions. The Bay is 
thermally stratified most of the time^°. XXB is a productive system, and serious alga 
bloom occurs frequently after the initial filling of the TGR in June 2003^*^"^\ The 
monitoring site is located at the middle of XXB, —16 km to the mainstream of the 
Yangtze River and marked as XX06 here (Fig. 1). 

Sampling scheme. Three diel field campaigns, which were carried out on August 23- 
24 2010, October 4-5 2010 and April 27-28 201 1 respectively, were undertaken at site 
XX06. A monthly sampling campaign was undertaken over a period of twelve months 
from June 2010 to May 201 1, which was usually carried out at 9:00-10:00 of a day in 
the middle of each month. 

In situ sampling measurements and analysis. Water temperature, pH, alkalinity, air 
temperature and wind speed were measured in situ. Water samples were taken from 
0.5 m below the water surface for analysis of dissolved CH4, CO2, inorganic and 
organic carbon. Water temperature, pH, DO, and water depth were measured with a 
Hydrolab DS5 Multiparameter Sonde. 

Water samples (100 mL) for dissolved gas analysis were collected into N2-pre- 
flushed and pre-evacuated gas sampling bags with syringes and needles, and were 
then immediately treated with 0.1 mL saturated HgCl2. In the laboratory, a headspace 
was created in the bags by injecting 200 mL of nitrogen gas. The bags were vigorously 
shaken, and left to equilibrate at ambient temperature for at least 2 h. 15 mL gas 
samples were sampled from the headspace with a gas-tight syringe and injected into 
an Agilent 7890A (Agilent Technologies, California, U.S.A) gas chromatograph 
equipped with a flame ionization detector. Dissolved gas concentration was com- 
puted as described in Johnson et al''^ according to the Henry's law. 

The water samples from the sites had been dealt and transported to lab to deter- 
mine the concentrations of Chl.a, TP and TN, D-Si according to the "Water and 
wastewater monitoring and analysis methods (the fourth edition) 

Water-to-air fluxes. Water-to-air CH4 fluxes were determined by using floating 
chambers. The chambers are non-transparent thermally insulated tubs with a volume 
of 35.34 L and a surface area of 0.07 m^ (radius and high are 0.15 and 0.5 m 
respectively). Fans were installed inside chambers to circulate air and homogenize 
GHG concentrations from the top to the bottom of the chambers. 

A dynamic closed chamber system was used for diel CH4 flux measurements. The 
chamber was connected to a Los Gatos Research's Greenhouse Gas Analyzer (DLT- 
100), which could monitor the CH4 and CO2 concentration inside the chamber 
continuously with 1 Hz frequency. The DLT-100 is a cavity ringdown spectrometer 
with high resolution (0.1 ppb) and precision (1% of reading the accuracy) and was 
already described in detail and used by previous researchers"^^"*^. Single flux mea- 
surement is finished in 25 minutes. Then the chamber was taken off the water surface 
and put down again after the enough exchanging and mixing between gas inside the 
chamber and the environmental air. 

Static closed chambers were used for monthly CH4 and CO2 flux measurements 
across the water-air interface. Gas samples from chamber headspace were taken with 
an interval of ~8 minutes for gas chromatograph (Agilent 7890 A) using flame ion- 
ization detection (FID) and analyzed in two days. The details of the method are 
described by Wang and Wang"^^. The accuracy of the analyses was maintained by 
calibrating the gas chromatographs against a standard gas mixture after every 8 



samples, which kept the coefficient of the replicated concentration determinations 
below 0.5%. 

Calculation of the flux with laboratory analysis was described in detailed by 
Lambert and Frechette^*^. 



1. Wahlen, M., Tanaka, N., Henry, R., Deck, B. & Zeglen, J. Carbon-4 in methane 
sources and in atmospheric methane -The contribution from fossil carbon. 
Science 245, 286-290 (1989). 

2. Lopes, F. et al. Biogeochemical modelling of anaerobic vs. aerobic methane 
oxidation in a meromictic crater lake (Lake Pavin, France). Appl. Geochem. 26, 
1919-1932 (2011). 

3. Blunier, T., Chappellaz, J., Schwander, J., Stauffer, B. & Raynaud, D. Variations in 
atmospheric methane concentration during the Holocene epoch. Nature 374, 
46-49 (1995). 

4. deMenocal, P. et al. Abrupt onset and termination of the African Humid Period: 
rapid climate responses to gradual insolation forcing. Quaternary Sci. Rev. 19, 
347-361 (2000). 

5. Kumar, A. et al. Hydropower, in IPCC Special Report on Renewable Energy Sources 
and Climate Change Mitigation, (eds. Edenhofer, O. et al.) 437-496 (Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA.; 2011). 

6. Fearnside, P. M. Greenhouse Gas Emissions from Hydroelectric Dams: 
Controversies Provide a Springboard for Rethinking a Supposedly 'Clean' Energy 
Source. An Editorial Comment. Climatic Change 66, 1-8 (2004). 

7. Jacinthe, P. A., Filippelli, G. M., Tedesco, L. P. & Raftis, R. Carbon storage and 
greenhouse gases emission from a fluvial reservoir in an agricultural landscape. 
CATENA 94, 53-63 (2012). 

8. Venkiteswaran, J. J. & Schiff, S. L. Methane oxidation: isotopic enrichment factors 
in freshwater boreal reservoirs. Appl. Geochem. 20, 683-690 (2005). 

9. Kankaala, P., Ojala, A. & Kaki, T. Temporal and spatial variation in methane 
emissions from a flooded transgression shore of a boreal lake. Biogeo chemistry 68, 
297-311 (2004). 

10. Westermann, P. Temperature regulation of methanogenesis in wetlands. 
Chemosphere 26, 321-328 (1993). 

11. Xing, Y. et al. Methane and carbon dioxide fluxes from a shallow hypereutrophic 
subtropical Lake in China. Atmos. Environ. 39, 5532-5540 (2005). 

12. Duchemin, E., Lucotte, M. & Canuel, R. Comparison of static chamber and thin 
boundary layer equation methods for measuring greenhouse gas emissions from 
large water bodies. Environ. Sci. Technol. 33, 350-357 (1999). 

13. Soumis, N., Duchemin, E., Canuel, R. & Lucotte, M. Greenhouse gas emissions 
from reservoirs of the western United States. Global Biogeochem. Cy. 18 (2004). 

14. Utsumi, M. et al. Oxidation of dissolved methane in a eutrophic, shallow lake: 
Lake Kasumigaura, Japan. Limnol. Oceanogr. 43, 471-480 (1998). 

15. Scranton, M. I., Grill, P., de Angelis, M. A., Donaghay, P. L. & Sieburth, J. M. The 
importance of episodic events in controlling the flux of methane from an anoxic 
basin. Global Biogeochem. Cycles 7, 491-507 (1993). 

16. Due, N., Grill, P. & Bastviken, D. Implications of temperature and sediment 
characteristics on methane formation and oxidation in lake sediments. 
Biogeochemistry 100, 185-196 (2010). 

17. Borrel, G. et al. Production and consumption of methane in freshwater lake 
ecosystems. Res. Microbiol. 162, 832-847 (2011). 

18. Kankaala, P. et al. Methane efflux in relation to plant biomass and sediment 
characteristics in stands of three common emergent macrophytes in boreal 
mesoeutrophic lakes. Global Change Biol. 11, 145-153 (2005). 

19. Juutinen, S. et al. Methane (CH4) release from littoral wetlands of Boreal lakes 
during an extended flooding period. Global Change Biol. 9, 413-424 (2003). 

20. Zeikus, J. G. & Winfrey, M. R. Temperature limitation of methanogenesis in 
aquatic sediments. Appl. Environ. Microbiol. 31, 99-107 (1976). 

21. Bastviken, D., Cole, J. J., Pace, M. L. & Van de Bogert, M. C. Fates of methane from 
different lake habitats: Connecting whole-lake budgets and CH4 emissions. /. 
Geophys. Res. 113, G02024 (2008). 

22. Semrau, J. D., DiSpirito, A. A. & Yoon, S. Methanotrophs and copper. FEMS 
Microbiol. Rev. 34, 496-531 (2010). 

23. Nimick, D. A., Gammons, C. H. & Parker, S. R. Diel biogeochemical processes and 
their effect on the aqueous chemistry of streams: A review. Chemical Geology 283, 
3-17(2011). 

24. Lu, F. et al. Preliminary report on methane emissions from the Three Gorges 
Reservoir in the summer drainage period. Journal of environmental sciences 23, 
2029-2033 (2011). 

25. Lima, I. B. T. Biogeochemical distinction of methane releases from two Amazon 
hydroreservoirs. Chemosphere 59, 1697-1702 (2005). 

26. Abril, G. et al. Carbon dioxide and methane emissions and the carbon budget of a 
10-years old tropical reservoir (Petit-Saut, French Guiana). Global Biogeochem. 
Cycles 19, GB4007 (2005). 

27. Guerin, F. et al. Methane and carbon dioxide emissions from tropical reservoirs: 
significance of downstream rivers. Phys. Rev. Lett. 33 (2006). 

28. Wang, L. et al. Weekly dynamics of phytoplankton functional groups under high 
water level fluctuations in a subtropical reservoir-bay. Aquat. Ecol. 45, 197-212 
(2011). 

29. Liu, L., Liu, D., Johnson, D. M., Yi, Z. & Huang, Y. Effects of vertical mixing on 
phytoplankton blooms in Xiangxi Bay of Three Gorges Reservoir: Implications for 
management. Water Res. 46, 2121-2130 (2012). 



SCIENTIFIC REPORTS | 3 : 2500 | DOI: 1 0.1 038/srep02500 



7 



30. Yang, Z. J., Liu, D. F., Ji, D. B. &Xiao, S. B. Influence of the impounding process of 
the Three Gorges Reservoir up to water level 172.5 m on water eutrophication in 
the Xiangxi Bay. Sci. China Ser. E 53, 175-181 (2010). 

31. Zhou, G. et al. Phytoplankton variation and its relationship with the environment 
in Xiangxi Bay in spring after damming of the Three- Gorges, China. Environ. 
Monit. Assess. 176, 125-141 (2011). 

32. Boto, K. & Bunt, J. Dissolved oxygen and pH relationships in Northern Australia 
mangrove waterways. Limnol. Oceanogr. 26, 1176-1178 (1981). 

33. Galy-Lacaux, C. et al. Gaseous emissions and oxygen consumption in 
hydroelectric dams: A case study in French Guyana. Global Biogeochem. Cy. 11, 
471-483 (1997). 

34. McGinnis, D. F., Greinert, J., Artemov, Y., Beaubien, S. E. & Wiiest, A. W. Fate of 
rising methane bubbles in stratified waters: How much methane reaches the 
atmosphere? /. Geophys. Res. Ill, C09007 (2006). 

35. Smith, L. K., Lewis, W. M., Chanton, J. P., Cronin, G. & Hamilton, S. K. Methane 
emissions from the Orinoco River floodplain, Venezuela. Biogeo chemistry 51, 
113-140 (2000). 

36. Juutinen, S., Aim, J., Martikainen, P. & Silvola, J. Effects of spring flood and water 
level draw-down on methane dynamics in the littoral zone of boreal lakes. 
Freshwater Biol. 46, 855-869 (2001). 

37. Holzapfel-Pschorn, A., Conrad, R. & Seller, W. Effects of vegetation on the 
emission of methane from submerged paddy soil. Plant and Soil 92, 223-233 
(1986). 

38. Huang, Y. L., Huang, G. H., Liu, D. F., Zhu, H. & Sun, W. Simulation-based inexact 
chance-constrained nonlinear programming for eutrophication management in 
the Xiangxi Bay of Three Gorges Reservoir. Journal of Environmental 
Management 108, 54-65 (2012). 

39. Chen, H. et al. Methane emissions from newly created marshes in the drawdown 
area of the Three Gorges Reservoir. /. Geophys. Res. 114, D18301 (2009). 

40. Jiang, T. et al. Air-Water Surface Greenhouse Gas Flux in Pengxi River at Different 
Operational Stages of the Three Gorges Reservoir. Environmental Science 33 
(2012). 

41. Johnson, K. M., Hughes, J. E., Donaghay, P. L. & Sieburth, J. M. Bottle-calibration 
static head space method for the determination of methane dissolved in seawater. 
Analytical Chemistry 62, 2408-2412 (1990). 

42. Administration, S. E. P. Monitoring Analysis Method for Water and Wastewater 
(the four editions) (in Chinese). (China Environmental Science Press, Beijing; 
1991). 

43. Eugster, W. & Pliiss, P. A fault-tolerant eddy covariance system for measuring 
CH4 fluxes. Agr Forest Meteor ol 150, 841-851 (2010). 



44. Schroth, M. H. et al. Above- and below-ground methane fluxes and 
methanotrophic activity in a landfill- cover soil. Waste Manage 32, 879-889 
(2012). 

45. Hendriks, D. M. D., van Huissteden, J. & Dolman, A. J. Multi-technique 
assessment of spatial and temporal variability of methane fluxes in a peat meadow. 
Agr Forest Meteor ol 150, 151 -11 \ (2010). 

46. Herbst, M., Friborg, T., Ringgaard, R. & Soegaard, H. Interpreting the variations in 
atmospheric methane fluxes observed above a restored wetland. Agr Forest 
Meteorol 151, 841-853 (2011). 

47. Wang, Y. Quick measurement of CH4, CO2 and N2O emissions from a short-plant 
ecosystem. Adv Atmos Sci 20, 842-844 (2003). 

48. Lambert, M. & Frechette, J. Analytical techniques for measuring fluxes of CO2 and 
CH4 from hydroelectric reservoirs and natural water bodies, in Greenhouse Gas 
Emissions _Fluxes and Processes: Hydroelectric Reservoirs and Natural 
Environments, (eds. Tremblay, A., Varfalvy, L., Roehm, C. & Garneau, M.) 37-60 
(Springer, Berlin; 2005). 



Acknowledgements 



This work was sponsored by National Science Foundation of China (No. 41273110, 
51079163), the National Basic Research Program of China (No. 2010CB955904), and State 
Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese 
Academy of Sciences. Liang Wang, Guoyou Li, Hanchao Guo, Feng Peng and Li Liu carried 
out the field work. 



Author contributions 

S.B.X. and D.F.L. are co-first authors of this manuscript. All authors reviewed and discussed 
the manuscript. Y.C.W., Z.J.Y. and Chen, W.Z.C. participated in some field work. 

Additional information 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Xiao, S.B., Liu, D.F., Wang, Y.C., Yang, Z.J. & Chen, W.Z. Temporal 
variation of methane flux from Xiangxi Bay of the Three Gorges Reservoir. Sci. Rep. 3, 2500; 
DOL10.1038/srep02500 (2013). 



I^cc)®®©! ^^^^ ^ork is licensed under a Creative Commons Attribution- 

"^•^'""•■■'i-" NonCommercial-NoDerivs 3.0 Unported license. To view a copy of this license, 

visit http://creativecommons.0rg/licenses/by-nc-nd/3.O 



SCIENTIFIC REPORTS | 3 : 2500 | DOI: 1 0.1 038/srep02500 



8 



